New antibiotic regimens are needed for the treatment of multidrug-resistant tuberculosis. Mycobacterium tuberculosis has a thick peptidoglycan layer, and the penicillin-binding proteins involved in its biosynthesis are inhibited by clinically relevant concentrations of ␤-lactam antibiotics. ␤-Lactamase production appears to be the major mechanism by which M. tuberculosis expresses ␤-lactam resistance. ␤-Lactamases from the broth supernatant of 3-to 4-week-old cultures of M. tuberculosis H37Ra were partially purified by sequential gel filtration chromatography and chromatofocusing. Three peaks of ␤-lactamase activity with pI values of 5.1, 4.9, and 4.5, respectively, and which accounted for 10, 78, and 12% of the total postchromatofocusing ␤-lactamase activity, respectively, were identified. The ␤-lactamases with pI values of 5.1 and 4.9 were kinetically indistinguishable and exhibited predominant penicillinase activity. In contrast, the ␤-lactamase with a pI value of 4.5 showed relatively greater cephalosporinase activity. An open reading frame in cosmid Y49 of the DNA library of M. tuberculosis H37Rv with homology to known class A ␤-lactamases was amplified from chromosomal DNA of M. tuberculosis H37Ra by PCR and was overexpressed in Escherichia coli. The recombinant enzyme was kinetically similar to the pI 5.1 and 4.9 enzymes purified directly from M. tuberculosis. It exhibited predominant penicillinase activity and was especially active against azlocillin. It was inhibited by clavulanic acid and m-aminophenylboronic acid but not by EDTA. We conclude that the major ␤-lactamase of M. tuberculosis is a class A ␤-lactamase with predominant penicillinase activity. A second, minor ␤-lactamase with relatively greater cephalosporinase activity is also present.
Tuberculosis causes 3 million deaths annually, more than any other single infectious agent (2, 19, 35) . Multidrug resistance is a growing clinical problem, with strains of Mycobacterium tuberculosis exhibiting resistance to 11 or more antimicrobial agents having been described (25) . Although it was shown in the 1940s that under certain culture conditions penicillin inhibits the growth of M. tuberculosis (9, 10, 18, 31) , the availability of other effective antimicrobial agents limited efforts to determine whether tuberculosis might respond to treatment with ␤-lactams. However, the recent rise in infections caused by multidrug-resistant strains has made it necessary to identify alternative treatment regimens, including the determination of whether some older classes of antibiotics such as the ␤-lactams might be effective in the clinical setting.
The cell wall structure of M. tuberculosis contains a thick peptidoglycan layer. Cycloserine, a second-line drug in the treatment of tuberculosis, is a D-alanine analog that interferes with peptidoglycan synthesis (37) . Recently, it has been shown that M. tuberculosis makes at least four penicillin-binding proteins (PBPs) that bind ampicillin and other ␤-lactams at clinically relevant antibiotic concentrations (3) . The affinities of these agents for their PBP targets are of the magnitude seen for ␤-lactams that can be effectively used for the treatment of infections caused by other microbes. Also, the outer cellular structures of tubercle bacilli do not represent a major permeability barrier for ␤-lactams (3, 22) . Therefore, the production of ␤-lactamase by M. tuberculosis appears to be its major mechanism of resistance to ␤-lactams.
Most and possibly all isolates of M. tuberculosis produce ␤-lactamase (12, 13, 15, 42) ; however, data regarding its nature are limited. Opinions differ as to whether it is secreted, cytoplasmic, or bound to the cell membrane and as to whether its production is inducible or constitutive (10, 14, 15, 32, 42) . Zhang et al. (42) have reported that isoelectric focusing of Triton X-100 extracts of acetone-precipitated cell pellets of strains of M. tuberculosis reveals two bands exhibiting ␤-lactamase activity with pI values of 4.9 and 5.1.
Most of the information on the kinetic properties of M. tuberculosis ␤-lactamase comes from studies with relatively impure preparations of enzyme or has been inferred indirectly via the results of susceptibility tests involving ␤-lactams and ␤-lactam-␤-lactamase inhibitor combinations. However, greater penicillinase activity than cephalosporinase activity is consistently reported (15, 20, 22, 42) . M. tuberculosis ␤-lactamase is inhibited competitively by antistaphylococcal penicillins (13-15, 21, 22, 32) and by conventional ␤-lactamase inhibitors including clavulanic acid, sulbactam, and tazobactam (5, 8, 33, 38, 41, 42) . ␤-Lactamase inhibitors improve the activities of some penicillins against M. tuberculosis in vitro (5, 8, 14, 33) and in vivo (13) . In addition, some cephalosporins including ceforanide and cephapirin as well as carbapenems such as imipenem exhibit potent in vitro activities (23, 30, 36) .
Because a better understanding of the mechanisms by which M. tuberculosis expresses resistance to ␤-lactams might ultimately lead to strategies in which these agents could be used in the treatment of tuberculosis, we have worked to characterize its ␤-lactamase(s). In this report, we describe the isolation of three enzymes with distinct pI values directly from M. tuberculosis and the recombinant expression and kinetic characterization of the major enzyme.
(Results of this study were presented in part at the 36th Interscience Conference on Antimicrobial Agents and Chemotherapy, New Orleans, La., 15 to 18 September 1996, and at the 32nd U.S.-Japan Conference of Tuberculosis/Leprosy, Cleveland, Ohio, 21 to 23 July 1997.)
MATERIALS AND METHODS
Bacterial strains, media, and reagents. Strain H37Ra (ATCC 25177) is an attenuated laboratory strain of M. tuberculosis. Escherichia coli DH5␣ was used in routine E. coli transformation experiments, and E. coli Top10 was used as the host for recombinant protein expression. Middlebrook 7H9 broth media and oleic acid-albumin-dextrose-catalase (OADC) were purchased from Difco Laboratories, Detroit, Mich. G-75 Sephadex (Pharmacia-LKB Biotechnology, Broma, Sweden) was used to construct the gel filtration column, and DEAEcellulose (Pharmacia-LKB) was used for anion-exchange chromatography. Determination of ␤-lactamase activity. ␤-Lactamase activity was assayed spectrophotometrically with nitrocefin (100 M) in 0.1 M sodium phosphate buffer (pH 6.0) as the substrate at 37°C (26) . All determinations were carried out in duplicate. One unit of ␤-lactamase activity is defined as the amount required to hydrolyze 1 nmol of nitrocefin per min. To calculate the amount of secreted and cell-associated ␤-lactamase, cells from a 3-week-old culture of H37Ra in Middlebrook 7H9 media supplemented with OADC and 0.05% Tween 80 (BBL Microbiology Systems) were pelleted by centrifugation. The cell pellet was resuspended in 0.1 M sodium phosphate buffer (pH 6.0) and lysed with a Bead Beater (Biospec Products, Bartlesville, Okla.) for 2 min. The supernatant from the broth culture and the cell lysate thus obtained were assayed for ␤-lactamase activity as described above to determine the amounts of extracellular and cell-associated ␤-lactamase, respectively.
Purification of ␤-lactamase directly from M. tuberculosis H37Ra. M. tuberculosis H37Ra was inoculated into Middlebrook 7H9 broth media containing OADC and 0.05% Tween 80 was added to facilitate its growth as dispersed cells rather than clumps of cells (18, 34) . A 4-week-old culture was harvested and the supernatant was precipitated with ammonium sulfate. The precipitated pellet obtained by increasing the ammonium sulfate concentration from 50 to 62.5% was resuspended in 0.1 M sodium citrate buffer (pH 5.0) and dialyzed overnight in the same buffer.
(i) Gel filtration chromatography. The crude enzyme preparation thus obtained was concentrated to 20 ml and was loaded onto a G-75 column (3 by 90 cm) equilibrated with 0.1 M sodium citrate buffer (pH 5.0). Elution was continued with the same buffer until the ␤-lactamase activity was recovered.
(ii) Chromatofocusing chromatography. The ␤-lactamase activity from gel filtration chromatography was exchanged with 25 mM bis-Tris buffer (pH 6.3) and was loaded onto a Mono P column (HR 5/20 fast-performance liquid chromatography system; Pharmacia-LKB), and the proteins were eluted with polybuffer (pH 4.0) in a linear gradient manner.
(iii) Anion-exchange chromatography. As an alternative to chromatofocusing, in some experiments anion-exchange chromatography was performed with a column (3 by 20 cm) and DEAE-cellulose. Fractions from the gel filtration column exhibiting ␤-lactamase activity were pooled, concentrated, and exchanged with 20 mM bis-Tris buffer (pH 6.0). After loading onto and washing of the anion-exchange column with the same buffer, the ␤-lactamase was eluted with 20 mM bis-Tris (pH 6.0) containing a linear gradient from 0 to 200 mM NaCl.
Isoelectric focusing of M. tuberculosis ␤-lactamase. Each peak fraction of ␤-lactamase activity collected independently from the chromatofocusing column was subjected to isoelectric focusing on a Multiphor electrophoresis system (Pharmacia Biotech, Piscataway, N.J.). Isoelectric focusing was performed with commercially available ampholyte polyacrylamide gels (pH range, 4.0 to 6.5; Pharmacia-LKB Biotechnology). Electrophoresis was performed at 10°C by using preset values of 1,400 V, 25 mA, and 25 W. After 3 h, the gel was removed and the bands corresponding to ␤-lactamase activity were visualized by overlaying the gel with Whatman paper impregnated with nitrocefin.
The isoelectric point of each peak was estimated with the help of TEM and Bacteroides fragilis ␤-lactamases, which have low pI values, for comparison. Three TEM ␤-lactamases (TEM-1, pI 5.4; TEM-3, pI 6.3; TEM-12, pI 5.2) and B. fragilis ␤-lactamase (pI 4.3) were run in parallel with each peak on the isoelectric focusing gel. After focusing and nitrocefin staining, the pI values were estimated graphically by using the known ␤-lactamases as references.
Expression, renaturation, and purification of Y49 ␤-lactamase. Two oligonucleotide primers Y49F (GATCTCGAGAATGCGCAACAGAGGATTCGGTC GT) and Y49R (GATGAATTCCTATGCAAGCACACCGGCAAC) (where underscores indicate the restriction sites) were constructed on the basis of the DNA sequence of a ␤-lactamase gene in cosmid Y49 of a library of chromosomal DNA of M. tuberculosis H37Rv that has been sequenced by the Sanger Centre, Cambridge, United Kingdom (27) . On the basis of our finding that the major ␤-lactamase is an exoenzyme, the Y49F primer was designed on the basis of the codons slightly inside of the deduced N terminus of the Y49 open reading frame so that the N terminus of the recombinant protein would align with a plausible signal peptide cleavage site. An XhoI site was added in the Y49F primer, and an EcoRI site was added in the Y49R primer. These primers were used to amplify the Y49 ␤-lactamase gene from the chromosomal DNA of M. tuberculosis H37Ra, producing a 900-bp product which was digested with XhoI and EcoRI and cloned into the E. coli expression vector ptrchisB vector (Invitrogen). The authenticity of the amplified PCR product has been verified by sequencing the insert in the ptrchisB vector. The construct was transformed into E. coli Top 10, and the expression of the recombinant six-histidine tag-Y49 ␤-lactamase fusion protein was induced with isopropyl-␤-D-thiogalactopyranoside. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) of the cell lysate indicated that most of the recombinant protein was found in a pellet as insoluble inclusion bodies. Thus, a protocol was developed to renature the protein on the nickel affinity column. The inclusion body pellet was dissolved in 8 M guanidine hydrochloride-500 mM NaCl-25 mM Tris (pH 8.0) containing 25 mM ␤-mercaptoethanol and loaded onto a preequilibrated nickel column (Invitrogen). The column was washed twice with the same buffer and twice with a buffer at pH 6.0. Then, a renaturation buffer containing 25 mM Tris-500 mM NaCl (pH 8.3) without ␤-mercaptoethanol was used to wash the column twice. The renatured recombinant Y49 was eluted with 5 ml of different concentrations (50, 150, 300, and 500 mM) of imidazole containing 500 mM NaCl and 25 mM Tris (pH 6.0), and 1-ml fractions were collected. Each fraction was assayed for ␤-lactamase activity. Most of the recombinant protein was eluted in the fractions containing 300 mM imidazole. The fractions with peak activity were pooled and exchanged with 0.1 M sodium phosphate buffer (pH 6.0).
Enzyme kinetics. Initial velocities of hydrolysis were monitored at a wavelength corresponding to the maximal change in absorbance between the unhydrolyzed substrate and the hydrolyzed product and included the following: cephaloridine, 254 nm; cefazolin, 272 nm; nitrocefin, 482 nm; cephapirin, 258 nm; cephalothin, 258 nm; cefamandole 269 nm; benzylpenicillin, 232 nm; amoxicillin, 235 nm; phenoxymethylpenicillin, 240; and azlocillin, 235 nm (1, 29) . ␤-Lactamase assays were performed in 0.1 M sodium phosphate buffer (pH 6.0) in 1-cm cuvettes at 37°C with a DU-70 recording spectrophotometer (Beckman Instruments, Fullerton, Calif.). For substrate profile determinations, 100 M cephalosporins and 500 M penicillins were used in the assays. For K m and V max determinations, the initial velocity of hydrolysis assays were performed with six cephalosporin concentrations ranging from 11.1 to 100 M. Penicillin hydrolysis assays were performed with six to eight initial substrate concentrations ([s]) ranging from 70 to 1,000 M. The V max and K m for each substrate-enzyme combination were determined from [s]/v against [s] plots (Hanes plots) (39) , with computerized software (Hyper; Department of Biochemistry, University of Liverpool, Liverpool, United Kingdom). The turnover number, k cat , was calculated from V max by using a molecular mass of the purified recombinant Y49 ␤-lactamase of 30,000 g/mol.
Inhibition studies. Purified recombinant Y49 enzyme was incubated with inhibitor at 37°C, and the residual activity was measured with 100 M nitrocefin as a reporter substrate. The inactivation was studied with various concentrations of ␤-lactamase inhibitor (2 to 10 M) by withdrawing the sample and determining the residual activity after different periods of time. The K i value was determined as described by Galleni et al. (6) . In the case of EDTA, the ␤-lactamase activity was assayed in the presence of 1 to 100 mM EDTA as described above.
RESULTS
␤-Lactamase production and purification directly from M. tuberculosis H37Ra. To determine whether M. tuberculosis ␤-lactamase activity is predominantly extracellular or cell associated, M. tuberculosis H37Ra was grown in 500 ml of Middlebrook 7H9 broth containing OADC supplemented with 0.05% Tween 80. After 3 to 4 weeks, the cultures were harvested, and the ␤-lactamase activities in the cell pellet and the broth supernatant were assayed separately. Under these conditions, the bulk of the ␤-lactamase activity from a 450-ml culture was found in the broth supernatant (554 U) rather than with the cell pellets (5.6 U).
The presence of albumin from the OADC supplement in the broth medium is needed for ␤-lactamase production, but it has complicated the purification protocol by making it necessary to subsequently separate the albumin from the ␤-lactamase. Attempts to eliminate the albumin entirely by using Sauton's minimal medium and other media without albumin were unsuccessful due to greatly diminished ␤-lactamase production. It was eventually determined that the amount of albumin added to the Middlebrook 7H9 broth could be reduced from 50 to 12.5 g per liter without adversely affecting ␤-lactamase production.
The usual purification protocol includes (i) ammonium sulfate precipitation of protein directly from the supernatant of 3 to 6 liters of 3-to 4-week-old cultures of M. tuberculosis H37Ra, with most of the ␤-lactamase activity being precipitated in the 50 to 62.5% fraction, (ii) G-75 Sephadex chromatography (Fig. 1) , and (iii) chromatofocusing (Fig. 2) . ␤-Lactamase has been recovered from the chromatofocusing column as three activity peaks. About 78% of the final ␤-lactamase activity was identified in peak 2 ( Fig. 2 and Table 1), with 10 and 12% being present in peaks 1 and 3, respectively.
Isoelectric focusing. Isoelectric focusing was performed with each peak fraction from the chromatofocusing. The three peaks corresponded to pI values of 5.1, 4.9, and 4.5, respectively (Fig. 3) . Also, on some isoelectric focusing runs a minor band at pI 4.7 was observed, but it was never isolated from the chromatofocusing in quantities adequate for kinetic evaluation (data not shown). When DEAE anion-exchange chromatography instead of chromatofocusing was used to further purify the ␤-lactamase, isoelectric focusing of the post-DEAE fractions with peak activity identified the two bands corresponding to pI values of 5.1 and 4.9, respectively, whereas the pI 4.5 band was not observed (data not shown).
Expression, renaturation, and purification of recombinant Y49 ␤-lactamase. The recombinant Y49 ␤-lactamase was expressed as a fusion protein containing a six-histidine tag at the N terminus to facilitate easy purification on a nickel affinity column. The yield was 2 mg of recombinant protein per 100 ml of broth; however, most of it was found in inclusion bodies. Attempts to renature the purified recombinant after purification and elution from the nickel column were unsuccessful. Thus, a procedure was developed to renature the recombinant protein while it was attached to the nickel column. The puri- fied, soluble, biologically active renatured form of the Y49 ␤-lactamase had a specific activity of 23,000 U per mg and yielded a single band above the 31-kDa marker on SDS-PAGE (Fig. 4) .
Kinetic characteristics. To determine whether the three activity peaks from the chromatofocusing column of material purified directly from M. tuberculosis represent different ␤-lactamases or the same ␤-lactamase, each peak fraction was evaluated kinetically. The kinetic characteristics of the first (pI 5.1) and second (pI 4.9) peak fractions were identical to each other, whereas the third peak exhibited a different kinetic profile (Table 2) . Peaks 1 and 2 exhibited greater penicillinase activity, whereas peak 3 showed relatively greater cephalosporinase activity. The substrate profile of the recombinant Y49 ␤-lactamase is similar to those of peaks 1 and 2, indicating that the ␤-lactamase gene on cosmid Y49 encodes most of the ␤-lactamase activity that can be recovered directly from M. tuberculosis.
The recombinant Y49 ␤-lactamase showed greater activity against most penicillins compared to its activity against the cephalosporin substrates (Table 3) . It was particularly active against azlocillin, with a k cat value of 55 molecules of azlocillin hydrolyzed per second for every molecule of ␤-lactamase. Among the cephalosporins other than nitrocefin, the enzyme showed the greatest activity against cefamandole. The K i values for recombinant Y49 ␤-lactamase with clavulanic acid and sulbactam were 0.4 and 0.5 M, respectively. Clavulanic acid and sulbactam were also capable of inhibiting the peak 3 ␤-lactamase purified directly from M. tuberculosis, with K i values of 1.1 and 3.6 M, respectively. meta-Aminophenyl boronic acid inhibited the activity of the recombinant Y49 ␤-lactamase at high concentrations (i.e., 50% inhibition with 1,000 M). The recombinant Y49 enzyme was not inhibited by EDTA even at high concentrations (100 mM).
DISCUSSION
The major ␤-lactamase of M. tuberculosis is a class A ␤-lactamase which accounts for more than 80% of the total ␤-lactamase activity associated with broth cultures. Its nucleotide sequence has been determined and is encoded on cosmid Y49 (GenBank accession no. Z73966) of a chromosomal DNA library from M. tuberculosis H37Rv (27) and sequenced by the Sanger Centre. As observed with other class A ␤-lactamases, the Y49 ␤-lactamase has a molecular mass of about 30 kDa and a serine active site, and it is inhibited by clavulanic acid and m-aminophenylboronic acid but not by EDTA. It has predominant penicillinase activity and is identified by dual bands on isoelectric focusing with pI values of 5.1 and 4.9. Of interest, the demonstration of k cat and V max values of the Y49 ␤-lactamase for azlocillin higher than those for any other ␤-lactam probably explains why azlocillin can be added to primary mycobacterial isolation media including the BACTEC AFB system to inhibit the growth of other bacteria without having a serious adverse effect upon the recovery of clinical isolates of M. tuberculosis. The Y49 enzyme is probably produced by most M. tuberculosis strains and appears to be the enzyme that has been studied in earlier work regarding M. tuberculosis ␤-lactamase (15, 20, 40, 42) .
The Y49 ␤-lactamase is associated with two distinct bands on isoelectric focusing. Zhang et al. (42) Benzylpenicillin  100  100  100  100  Azlocillin  234  200  91  153  Nitrocefin  78  82  216  84  Cephaloridine  5  9  55  8  Cefazolin  4  4  85  5 a The substrate concentrations used in these determinations were 500 M for the penicillins and 100 M for the cephalosporins.
b The initial velocity of hydrolysis of benzylpenicillin was fixed at 100, and the relative rate of hydrolysis of other substrates has been expressed as a percentage of the value for benzylpenicillin.
c Peak 1, peak 2, and peak 3 refer to the partially purified enzyme in ␤-lactamase-containing fractions recovered directly from M. tuberculosis H37Ra by chromatofocusing (Fig. 2) .
d Recombinant Y49 ␤-lactamase refers to the purified recombinant ␤-lactamase, expressed in E. coli, which corresponds to the ␤-lactamase gene encoded on cosmid Y49.
bands to be present in each of 10 epidemiologically distinct isolates of M. tuberculosis. More recently, Hackbarth et al. (7) sequenced the ␤-lactamase gene from M. tuberculosis H37Ra (GenBank accession no. U67924) and found it to be identical to that of H37Rv. When this gene was expressed in Mycobacterium smegmatis, they found that isoelectric focusing results were a composite of those for M. smegmatis (bands at pI values of 5.4 and 4.3) and M. tuberculosis (bands at pI values of 5.1 and 4.9). The derivation of both the pI 5.1 and 4.9 bands from the same gene is further supported by our finding that the substrate profiles of the pI 5.1 and 4.9 bands when separated by chromatofocusing were identical. Apparently, the Y49 ␤-lactamase gene gives rise to two stably modified forms of the same enzyme. Protein oxidation and/or ragged N termini of the same ␤-lactamase related to protease activity might account for multiple bands on isoelectric focusing of a single ␤-lactamase. A highly plausible possibility is that one represents a true exoenzyme form of the enzyme, whereas the other is cross-linked at the N terminus to a membrane-associated lipid. This is the case for other gram-positive bacteria which produce extracellular ␤-lactamases (24) . For example, in many strains of Staphylococcus aureus, about 50% of the ␤-lactamase exists in the extracellular form and about 50% exists in the membranebound form. Minor but insignificant differences in the kinetic properties of the extracellular and membrane-bound forms of staphylococcal ␤-lactamase have been reported (16) , even though they represent stable forms of the same ␤-lactamase. We might be observing a similar phenomenon with the Y49 ␤-lactamase.
There is growing evidence that M. tuberculosis produces one or more ␤-lactamases in addition to the Y49 enzyme. We identified an enzyme that had a pI value of 4.5 and predominant cephalosporinase activity but that is clearly different from the Y49 enzyme. It was harvested in the same fractions off the G-75 Sephadex column as the Y49 enzyme, suggesting a molecular mass also in the 30-kDa range. Our studies indicate that this enzyme is also inhibited by clavulanic acid and sulbactam. Furthermore, we also observed slight ␤-lactamase activity in fractions from G-75 Sephadex chromatography eluting before the major ␤-lactamase (e.g., fractions 26 and 27 in Fig. 1 , whereas the major ␤-lactamase eluted in fractions 29 to 35). Upon isoelectric focusing of these fractions a band of nitrocefin hydrolysis with a pI value of Ͼ6.0 was observed (data not shown). The presence of this band with a higher pI value only in the initial fractions with ␤-lactamase activity and its incomplete separation from the albumin peak that accounts for most of the absorbance in these fractions suggests that it has a higher molecular mass than the Y49 ␤-lactamase.
Candidates for other ␤-lactamase genes can be found among data made available through M. tuberculosis genome sequencing efforts. BLAST searches of the Sanger Centre site on the World Wide Web by using the amino acid sequence of Mycobacterium fortuitum ␤-lactamase (1, 6) as the search parameter identifies a candidate open reading frame (ORF) in cosmid Y6F7 (now recorded under GenBank accession no. Z95555) encoding a protein of unknown function. Although large, with a deduced sequence of 491 amino acids, this protein contains structural features common to class A ␤-lactamases (i.e., S-xx-K active site, S-D-N loop, -E-acidic residue, and D-K-T-G motif [11] ).
In addition, the Sanger Centre has reported the presence of part of an ORF with homology to class C ␤-lactamases in cosmid Y31 (GenBank accession no. Z73101). Because only a portion of the ORF was contained within Y31, we amplified this portion by PCR and used it as a probe to identify and clone a 3.5-kb BamHI fragment of M. tuberculosis chromosomal DNA containing the remainder of the gene (17) . Sequencing of an additional 900 bp of this gene followed by using this Benzylpenicillin  50  21  100  100  58  100  100  74  100  100  Phenoxymethylpenicillin  38  20  95  125  78  70  66  Amoxicillin  94  2  10  5  95  17  10  Azlocillin  185  55  262  71  340  363  62  326  338  77  Nitrocefin  81  31  147  91  114  180  92  105  185  131  Cephaloridine  798  8 a Values for the recombinant Y49 ␤-lactamase and the pooled post-DEAE-cellulose anion-exchange chromatography fractions represent the averages of three or four assays of rates of hydrolysis of substrates. Values for the chromatofocusing peak 2, i.e., the pI 4.9 enzyme, were obtained from a single experiment.
b V max values are relative to the V max of benzylpenicillin, which was assigned a value of 100. The measured V max values for benzylpenicillin were 41, 0.31, and 0.51 mol hydrolyzed per min per mg of protein, respectively, for the purified recombinant Y49 ␤-lactamase, the pooled post-anion-exchange fractions (containing both the pI 5.1 and the pI 4.9 ␤-lactamases), and the peak 2 fraction (containing the pI 4.9 ␤-lactamase) obtained following chromatofocusing. sequence as the search parameter for another BLAST search at the Sanger Centre Web site revealed identity with part of another cosmid (Y21C12; now recorded under GenBank accession no. Z95210). The complete ORF of the gene bridging cosmids Y31 and Y21C12 encodes a protein bearing homology to the class C ␤-lactamases of gram-negative aerobic species as well as carboxypeptidases. Furthermore, another M. tuberculosis ORF with strong homology to class C ␤-lactamases is located on cosmid 4C12 (now recorded under GenBank accession no. Z81360). It is not yet clear whether any of these gene products correlates with the bands with pI values of 4.5 and Ͼ6.0 and ␤-lactamase activity which we observe on isoelectric focusing. Their estimated molecular masses are 53 to 55 kDa; this includes the mass of the leader peptide. This is larger than most class C ␤-lactamases, and it could be that they are carboxypeptidases (i.e., D-alanyl-D-alanine peptidases) with some ␤-lactamase activity. Chambers et al. identified a 52-kDa PBP in cell membranes of M. tuberculosis (3) , and on gels this band had the appearance of a doublet (4), further suggesting the presence of penicillin-interactive proteins of about this size. The issue of whether these proteins represent carboxypeptidases or ␤-lactamases may best be answered by determining the turnover numbers (k cat values) for ␤-lactams by using purified enzymes, although the answer might be ambiguous because some carboxypeptidases hydrolyze ␤-lactams fairly efficiently. Because the amounts of these enzymes that can be recovered directly from M. tuberculosis in culture are too small to permit a more detailed analysis than that reported in this paper, overexpression of the genes in recombinant form may be the most plausible strategy for evaluating these proteins further.
We found that most of the ␤-lactamase activity recovered directly from M. tuberculosis was found in the broth culture rather than in the cell pellet. This is in contrast to the reports of some earlier investigations, in which the ␤-lactamase was believed to be either intracellular or membrane bound (10, 12, 15, 40) . The difference between the findings presented in those other reports and our observations may be due, in part, to the use of Tween 80 in the broth medium. Tween 80 is a nonionic detergent that minimizes cell clumping and acts to disperse tubercle bacilli as single cells (18, 34) . Kasik et al. (14) reported that "cell-free mycobacterial penicillinase" could be obtained by incubating M. tuberculosis in liquid Dubos media containing Tween-albumin. In contrast, glycerol-and oleic acid-based media promote the clumping of cells into macroscopic aggregates. Our results are consistent with studies showing that the ␤-lactamases of other mycobacterial species including M. fortuitum and M. smegmatis are also predominantly extracellular (1, 28) .
Finally, the therapeutic options for the management of tuberculosis caused by multidrug-resistant strains are often limited. ␤-Lactam antibiotics are extensively developed, highly effective, widely used, and relatively nontoxic antimicrobial agents. The evaluation of ␤-lactam activity against M. tuberculosis in vitro and the further study of mycobacterial ␤-lactamases should help in identifying which ␤-lactams have the greatest promise of efficacy in vivo.
